We perform total energy calculations based on the tight-binding Hamiltonian scheme (i) to study the structural properties and energetics of the extended {311} defects depending upon their dimensions and interstitial concentrations and (ii) to find possible mechanisms of interstitial capture by and release from the {311} defects. The generalized orbital-based linear-scaling method implemented on Cray-T3D is used for supercell calculations of large scale systems containing more than 1000 Si atoms. We investigate the {311} defects systematically from few-interstitial clusters to planar defects. For a given defect configuration, constant temperature MD simulations are performed at 300 -600 K for about 1 psec to avoid trapping in the local minima of the atomic structures with small energy barriers. We find that interstitial chain structures along the 011 direction are stable interstitial defects with respect to isolated interstitials. The interstitial chains provide basic building blocks of the extended {311} defects, i.e., the extended {311}defects are formed by condensation of the interstitial chains side by side in the 233 direction. We find successive rotations of pairs of atoms in the {011} plane are mechanisms 1 with a relatively small energy barrier for propagation of interstitial chains.
with a relatively small energy barrier for propagation of interstitial chains.
These mechanisms together with the interstitial chain structure can explain the growth of the {311} defects and related structures such as V-shape bend structures and atomic steps observed in transmission electron microscopy images.
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I. INTRODUCTION
The decreasing size of semiconductor devices requires precise control of device structures, particularly dopant distributions. Ion implantation introduces energetic charged atomic particles in a substrate for the purpose of changing electrical, metallurgical and chemical properties of the substrate. The wide use of ion implantation is due to its precise control over total dopant doses, depth profiles and the area uniformity. However, ion implantation induces transient enhanced diffusion (TED) of dopants: the diffusivity of the dopants is abnormally enhanced for a transient period of time after ion-implantation. 1 Many studies have suggested that lattice damages, introduced during ion implantation, are responsible for fast diffusion of dopants.
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In particular, the diffusivity of boron during annealing in ion-implanted samples is enhanced by many orders of magnitude greater than B diffusivity in a thermal equilibrium. Experiments observe enhancement of the B diffusivity when Si interstitials are selectively injected by surface oxidation 4 and by Si + -implantation. 3 First principle calculations reported that the activation energy of B diffusion associated with Si interstitials is the lowest among possible diffusion mechanisms. 5, 6 Therefore, the concentration of Si interstitials after the ion implantation and during the thermal annealing process is an important parameter to determine the final depth profile of B in the ion-implanted samples.
The concentration of Si interstitials depends on (1) the ion implantation conditionsthe incident energy and the dose -and (2) the temperature at which thermal annealing is performed. Implantation at a higher incident energy or with a higher dose of the ions generates more Si interstitials. As the name transient enhanced diffusion indicates, the enhancement factor of the B diffusivity decays as the thermal annealing proceeds, and eventually the diffusivity of the B converges to that in a thermal equilibrium. The temporal extent of the enhanced diffusion of B decrease at higher annealing temperatures, since the excessive Si interstitials migrate to the regular lattice sites in a shorter period of time. 2 It is observed that the temporal extent (duration of the boron TED) is exponentially activated.
The activation energy, depending on the ion implantation conditions, shows a large variance:
1-5 eV.
7,8
This activation energy summarizes complex processes for B diffusion in ion-implanted samples -generation, diffusion and annihilation of the Si interstitials as well as the interactions of B with the B and Si interstitials. Recently, Eaglesham et al. 10 and Stolk et al.
11
suggested that emission of Si interstitials from particular extended defects, namely {311}
defects, causes the boron TED. They observed that the dissolution of the {311} defects occurs at the same time and the temperature conditions as boron TED. The extended {311} defects are detected under B + -implantation at an incident energy of few tens of keV 3,11 and the corresponding activation energy of the boron TED was obtained at 3-5 eV. 7 The high value of the activation energy can be related to the stability of the {311} defects with respect to isolated interstitials. However, boron TED has been also observed without detecting any macroscopic defect, when the energy of the B + -implantation decreases below 10 keV. 8 A lower activation energy (about 1 eV) was estimated for this low-energy ion implantation.
This low-energy B + -implantation experiment suggests that the formation of stable {311} defects depends on the interstitial concentrations. Furthermore, the observation of boron TED in the absence of the observable {311} defects suggests that microscopic interstitial clusters may exist and contribute to the B diffusion by releasing interstitials at a lower energy cost. It is possible that the microscopic interstitial clusters are related to the {311} defects and the formation and dissolution of the defects, from the interstitial clusters to the extended {311} defects, can be explained by common mechanisms.
The proposition that the {311} defects are formed by condensation of interstitials and provide interstitial sources during boron TED has been supported by experiments using a variety of procedures to inject Si interstitials into bulk systems: the {311} defects are observed to be formed by surface oxidation, 4 and by GeV-electron irradiation 12 and by ion implantations.
The {311} defects are often called rod-like, because they are typically elongated along the 011 direction as much as a micron. 12, 13 The width of the {311} defects ranges 1 -100 nm along the 233 direction, perpendicular to the elongation direction. The name {311}
defects indicates the observed habit plane 14 on which the rod-like defects lie, namely the {311} plane formed by the 011 and 233 directions.
Here, we present total energy calculations based on the tight-binding Hamiltonian scheme (i) to study the structural properties and energetics of the {311} defects as function of their dimensions and interstitial concentrations and (ii) to find possible mechanisms of interstitial capture by and release from the {311} defects. We investigate the {311} defects systematically from few-interstitial clusters to planar defects. Our results can be summarized as follows.
(1) Interstitial chain -the basic building block of the {311} defects: we show that an interstitial chain along the 011 direction is stable with respect to isolated interstitials. direction. This growth mechanism based on the stability study is in a good agreement with the experimental claims that the elongation of the rod-like {311} defects along the 011 direction precedes the growth in the width along the 233 direction (Sec. IV.B).
(4) Propagation of the interstitial chains: we propose a mechanism which can account for the motion of interstitial chains in the direction perpendicular to the chain direction with a relatively small energy barrier. Successive rotations of pair atoms on the {011} plane displace the interstitial chains. The growth of the {311} defects along the 233 direction can be explained by propagations of interstitial chains which are attracted to and captured by the already existing {311} defects. We show that V-shaped bend structure and atomic steps found in the transmission electron microscopy (TED) images can be formed by combinations of the interstitial chains and the planar rotations (Sec. V and VI).
II. CALCULATIONAL DETAILS
We perform total energy calculations based on a linear-scaling method in a tight-binding 
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The total energy calculations of defects requires large supercells to obtain converged formation energies, mainly due to the long-range structural relaxation. We use the orbitalbased linear-scaling method implemented on Cray-T3D. 26 We choose a spherical localization of 6Å for less than 1% error in the total energy (about 30 meV per atom) compared to those obtained by exact calculations by diagonalizations. The chemical potential, µ, is adjusted to achieve the correct number of electrons with an error less than 10 −5 electron charge. Significant charge transfer is prevented by using a finite Hubbard-like term (U = 4 eV); however, little differences are observed from a finite U and U = 0 in the relaxed atomic structures and in the total energies. Figure 1 shows the smallest orthorombic unit cell used to study {311}defects. The [311] direction, normal to the habit plane of the defects, is chosen as the z axis and the [011] and
[233] directions as the x and y axes, respectively. The unit lengths along the three principal We define formation energy of a defect structure which contains N int interstitials and N bulk Si atoms in a computational cell as
The formation energy per interstitial, E 
for E f 110 , the formation energy of an isolated 110 -interstitialcy. A positive binding energy of a defect containing interstitials indicates that the interstitial defect is stable with respect to isolated interstitials.
III. INTERSTITIAL CHAINS ALONG THE 011 DIRECTION
Here, we discuss an interstitial chain structure which is stable against isolated interstitials and which constitutes a building block of the {311}defects. The interstitial chain structure in Fig. 2 shows that interstitial chains along the 011 direction can be inserted into bulk Si without introducing any dangling bond by stacking pair interstitials with a periodicity of L xo . This arrangement of interstitials along the 011 direction is favorable, since only two dangling bonds would be required for any finite-length interstitial chain. 4, 27 Since the number of dangling bonds per interstitial is inversely proportional to the length of the chain, the interstitial chain becomes more stable as it grows along the 011 direction. The interstitial chain structures have also been used for an atomic model of planar {311} defects by Takeda et al.
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The most simple defect configuration containing interstitial chains, the structure in This E f int dependence on the number of interstitials, i.e., the length of the interstitial chain, is consistent with experimental observation that the rod-like defects are extended along the 011 direction as long as a submicron. 12, 13, 29 The elongation of the {311}defects in the 011 direction is the consequence of the formation of the energetically favorable interstitial chain structures. This observation agrees with the energetic argument based on the minimum dangling bond ratio of the 011 chain structures. Table I shows that microscopic defects containing more than two interstitials are stable with respect to isolated interstitials. A binding energy per interstitial can be interpreted as an average energy required to release interstitials from the interstitial clusters and the interstitial chains. The energy cost to evaporate interstitials increases as the size of the interstitial cluster grows: a smaller interstitial cluster would be dissolved at a lower annealing temperature or in a shorter period of time. Recent experiments reported boron TED with a small activation energy (< 2 eV) even when no macroscopic defects are detected. 8 . The lack of extended defects in their samples was attributed to the low-energy ion-implantation condition. It is possible that few-interstitial clusters or interstitial chains, which are stable with respect to isolated interstitials, are generated during the low-energy ion implantation and contribute to the boron TED by providing interstitials during the thermal annealing.
IV. EXTENDED ROD-LIKE {311}DEFECTS
A. Structure
Here we show that extended {311}defects can be constructed by arranging the interstitial chains along the 233 direction. It has been observed that the rod-like defects elongated along the 011 direction grow thicker along the 233 direction, when there is a constant supply of interstitials. 13 Possible configurations consisting of two interstitial chains are shown in Fig. 3 . Extended {311}defects can be constructed by adding more interstitial chains along the [233] direction. As seen in Fig. 3 , the {311}habit plane of the defects is made of two orthogonal directions, the 011 and 233 directions. In forming defects extended along the [233] direction, the arrangement of interstitial chains should satisfy following conditions:
when two interstitial chains are separated by L yo /2 as in Fig. 3(a) , the pair include an I ↑ and an I ↓ ; when separated by L yo , the pair consist of two identical interstitial chains, two I ↑ 's as in Fig. 3(b) or two I ↓ 's. Otherwise, dangling bonds are introduced and the corresponding distortions in bond angles become much larger than typical bond-angle distortions of ±20
• of the stable {311}defects. Indeed, molecular dynamics simulations at 600 K about 1 psec remove such configurations.
A new structure, an eight-member ring, is shown in Fig. 3 Similarly to the eight-member rings, the seven-member rings (E 7 ) can be converted into six-member rings (E 6 ) by planar rotations of the solid bonds in Fig. 3 .
B. Energetics
The formation energies of rod-like {311}defects containing few interstitial chains are listed in Table II We define an energy release ∆E I , when an interstitial chain is added to a rod-like defect X containing N int interstitials per L xo , as
The formation energy, E We express the capturing of an interstitial chain by a rod-like {311}defect symbolically
Here, d is the distance of the additional interstitial chain from the boundary interstitial chain. Table II shows that the energy release by addition of an interstitial chain is similar for either identified to be L xo , which results from the interstitial chain structure.
We denote the "interstitial density" to be ratio of the number of interstitial chains to the total number of units in the defects:
We obtain the optimal ratio of the interstitial chains of 67% for the {311}defects based on following results: (i) the formation energy for the extended defects (3) - (5) in Table II is same with differences less than 0.1 eV. This formation energy, E For E f , a formation energy of the interstitial chain, E b , an energy barrier for the propagation, and S, an entropy involved with the propagation, the probability for an intersti-tial chain to propagate is proportional to exp {−(E f + E b − T S)/k B T }. The propagation mechanism of the interstitial chains via planar rotations has such desirable features: (1) no dangling bond is introduced during the transformation due to atomic relaxations and thus a small energy barrier is expected; and (2) the entropy involved with the rotation may be high because of the large extent of atomic relaxations and many possible paths.
An energy barrier for the transformation from the structure of Fig. 4(a) The energy barriers estimated by two different paths suggest that many possible combinations of the planar rotations, which has an energy barrier less than 2 eV per bond, can lead to the displacements of interstitial chains. The growth of the {311}defects along the 233 direction during thermal annealing 11 can be explained by the coalescence of interstitial chains which propagate via the planar rotations. The same mechanism may be responsible for the unfaulting of the {311}defects which relates the {311}defects with the perfect dislocation loops at high temperatures (> 1000 K).
?
VI. STEP STRUCTURES AND V-SHAPED BENDS
We now show that step structures and V-shaped bends found in the extended It has been observed that the {311}defects change habit planes, for example, between the {311} and {311} planes. 29 The atomic configuration around the bend where the habit planes change can be identified as the I-chain in the {100} plane in Fig. 2(b) . We show in 
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When a planar rotation is applied on the common bond shared by the neighboring eightmember rings of the Table III , we expect that the /IIIO 8 IIO 8 / and /IIIO 8 / planar defects to have comparable E f int to the most stable planar defect, the /IIO 8 / model. The formation energy of the planar defects we have discussed is obtained without allowing relaxation of the supercells. A supercell relaxation would have generated the displacement vector (Burger vector) around the core of the {311}defects identified by TEM observations. 13,28 However, we anticipate that the relative stability is correctly described by the fixed cell calculations. The critical dimension to obtain the converged formation energy for the planar defects is L z , the length of the supercell in the [311] direction. We obtain the formation energies of the planar defects at L z = 3L zo and the formation energies are also listed in Table III . The formation energy is lowered by 0.08 eV on average for all the planar defects. The relative stability of the planar defects is the same for L z = 2L zo and 3L zo .
In Fig. 7 , we show the formation energy of the defects which are infinite along the we can compare the formation energy of the planar defects in Table III with E f int [∞], which can be extracted from the finite-length-defect calculations.
The defect structures in Fig. 7 are constructed by inserting a finite-length planar defect between bulk layers. The defects become either the /I/ or /IO 8 / model structure at the infinite limits. The formation energy increase linearly to the length along the [011] direction:
Then the E f int of the defects with respect to the length is written as
The slopes, E Finally, the ability of the {311}defects to capture or release interstitials is studied by calculating an energy required to add an interstitial to the bulk Si in the presence of the planar defects (Fig. 8 ). An interstitial is added at the hexagonal site at a distance of h showing that the saturation of interstitials is achieved at the I density about 67% in the /IIO 8 / structure (Table III) .
VIII. CONCLUSIONS
We have showed that interstitial chain structures elongated along the 011 direction constitute the basic building blocks of the extended {311}defects. This interstitial chain configuration is favored due to the minimum ratio of dangling bonds per interstitial and small distortions in bond angles and bond lengths. Even finite-size interstitial chains, as small as 2-interstitial clusters, are found to be stable against isolated interstitials. A growth mechanism of the {311}defects can be speculated from the dependence of the E We present an efficient mechanism, rotations of atoms on the {011} plane, which can lead to propagation of interstitial chains. The planar rotation together with the interstitial chain structures can be applied to explain growth process of the {311}defects and related structures such as the V-shape bend structure and atomic steps. We observed that the most for the lattice constant a. The cell contains 1008 bulk Si atoms. 
Supercell calculations at the Γ point are performed by taking a computational cell whose
Periodic boundary conditions are applied in all three directions. The symmetry of the structure is an inversion symmetry with respect to the center of pair interstitials on the {311} plane (dashed line). [311] [311]
[011] 
